the insect pathogen, Bacillus popilliae Dutky, were studied by propagation in shaken flasks and in 2-liter fermentors. Maximal populations between 5 X 108 and 2 X 109 viable cells per milliliter of culture medium routinely were obtained in incubation periods of 18 to 24 hr at 30 C in a medium composed of 1.5% yeast extract, 0.6% K2HPO4, and 0.2% glucose or trehalose. The carbohydrate required for growth in liquid media was fermented with the formation of 2 meq of acid per mmole of carbohydrate utilized; acid products ordinarily were not subsequently metabolized. B. popilliae is an aerobe, and the amount of growth obtained varied with aeration to an optimum at oxygen absorption rates of about 0.5. Maximal populations persist in a culture for periods of only 1 to 4 hr; cessation of growth was followed immediately by rapid death of cultures, so that less than 1% of the cells remained viable after 48 hr, and viability often was lost entirely by the end of 72 hr of incubation. No cytological evidence for spore formation was observed under any growth condition. Death was not associated with lysis of the cells, although extensive granulation ultimately occurred. Continuous neutralizaiton, augmented buffering, various techniques of dialysis, or slow feeding of the carbohydrate did not markedly alleviate the characteristic death of the cultures.
Bacillus popilliae Dutky is a causative agent for type A milky disease which afflicts the Japanese beetle (Popillia japonica Newman). In nature, billions of cells accumulate in the hemolymph of the insect larva as a consequence of the vegetative proliferation of the organism during the 2-or 3-week course of the disease. Most of the cells sporulate in the hemolymph by the time the insect larva dies. Spores are the means by which the pathogen survives in the soil and transmits the disease. A method developed by Dutky for the artificial production of infectious spores entails injection of large numbers of larvae and subsequent harvest of spores that have accumulated in the hemolymph at the terminal stage of the disease. Data obtained with such spores in field trials clearly indicate the potential of B. popilliae as a biological control agent [summarized by Dutky (2) ].
However, use of this pathogen for control of the insect required a more effective method of producing large numbers of spores. In turn, the production of infective spores requires first the efficient cultivation of virulent vegetative cells. B.
popilliae is considered fastidious, and cultivation of it led to complex media (11) ,prolonged incubation periods (2) , or other techniques unsuited to large-scale production. No definitive information is available on the characteristics of the growth of the organism in vitro or on the factors that significantly influence vegetative proliferation. It is the purpose of this paper to describe the vegetative growth pattern of this pathogen.
MATERLILS AND METHODS Cultures. Results obtained with three strains of B. popilliae are reported. Strains NRRL B-2043 and NRRL B-2309 originated as spores from the hemolymph of infected larvae. Pure cultures were isolated by germination of the spores, and the resultant vegetative cultures were maintained as lyophilized preparation (5) . A substrain, NRRL B-2309A, was selected because certain characteristics varied from those of the correspondingly numbered parent strain (6) . The vegetative growth characteristics of these strains are typical of all strains of B. popilliae examined, although the three differ in pathogenicity when tested by inoculation of larvae with vegetative cells.
Activity growing cultures were maintained for experimental use by frequent transfer of vegetative growth in liquid media. The frequency of transfer necessary for maintenance depended upon the rate and extent of growth. Ordinarily, stock cultures were transferred at biweekly intervals; small inocula and incubation temperatures below optimum were used to retard the rate of growth. Inocula of maximal vigor were obtained from such stock cultures by transfer at 20-to 24-hr intervals for several days before use.
Medium. Unless otherwise noted, the basic medium used for growth of the milky disease organisms was composed of 1.5% yeast extract (Difco), 0.3% K2HPO4, and 0.2% glucose; 0.5% tryptone (Difco) was added to the medium for maintenance of stock cultures. Medium components, exclusive of glucose, were dispensed into flasks and sterilized for 15 min at 121 C. Carbohydrates were sterilized separately as 2% solutions and added before inoculation because autoclaving the carbohydrate in the medium retarded growth. The pH of the medium after addition of glucose was 7.2 to 7.4. The basal medium solidified with 2% agar was used for plate counts. Agar media were sterilized in 200-ml volumes in screw-cap bottles, and S ET AL.
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the carbohydrate was added to the warm medium immediately before the plates were poured. Plates were dried at room temperature for 24 to 72 hr before use. Procedure. The growth characteristics of B. popilliae initially were studied in flask cultures (90 ml of medium in 500-ml Erlenmeyer flasks) incubated on a rotary shaker [2.5-inch (6.3-cm) stroke, 200 rev/min]. A 5% inoculum from a 20-to 24-hr culture was used.
Growth of B. popilliae also was studied in 2-liter fermentors (Fig. 1) . The assembled fermentor containing 2 liters of medium was sterilized by autoclaving for 30 min at 121 C. When pH electrodes were to be used, the fermentor was sterilized empty by autoclaving, the pH electrodes were inserted into the empty, sterile fermentor, and the whole assembly was sterilized again with ethylene oxide; the medium was sterilized separately by autoclaving and then aseptically pumped into the fully assembled fermentors. Dutky (2) indicated that growth in vivo similarly was maximal at 30 C, although infected larvae survived somewhat longer at slightly lower temperatues. Dutky suggested 27 C as most suitable for work with the infectious process, because the prolonged survival of the host allowed greater numbers of spores to develop.
Viable counts of cultures were made by distributing 0.3 ml of an appropriate dilution in 0.1% tryptone with a glass spreader on the surface of prepared plates. Colonies were counted after incubating the plates at 30 C for 7 days. Optical density measurements were made at 645 mp. Glucose was determined by reducing power or with glucose oxidase. Oxygen absorption rates were determined by the sulfite-oxidation method (1) .
RESULTS
The characteristic pattern of growth of B. popilliae is plotted in Fig. 2 (Fig. 3) . The acids formed were acetate and lactate; the ratio of the two depended upon the amount of oxygen supplied to the culture (6 (10) . Appropriate buffering of the medium delayed the deleterious effect of acid, and somewhat enhanced growth was obtained (Fig. 4) . Phosphate buffer appeared to be the most suitable to control pH, but concentrations above 0.6% (w/v) retarded growth. Although higher pH values were maintained and greater populations were attained in growth media containing more buffer, the characteristic loss of viability was essentially unchanged. In the example cited, only about 108 cells per milliliter survived after 44 hr of incubation. The surviving fraction of the population remained for extended periods with slowly decreasing numbers.
Similarly, control of the pH in fermentors by automatic or manual addition of alkali did not alter the characteristic pattern of growth and death of the organism (Fig. 5) (Fig. 6) Fig. 6 , the rate at which cultures die approximates the rate at which they grow. When less than optimal conditions are established, the rate of cell development is retarded, and correspondingly the rate of death is slowed. For example, with the 0.15 volume per volume per minute limited aeration rate, the relatively slow growing culture of limited population remained alive for extended periods.
Growth of B. popilliae in liquid media depends upon the presence of a small amount of fermentable carbohydrate. Ordinarily, greater populations do not result from the inclusion of more than 0.2% carbohydrate (Fig. 8) ; neither slow feeding nor periodic addition of glucose or trehalose has afforded greater growth or extended longevity. Trehalose is used comparably to glucose during growth of B. popilliae. The hemolymph of a third-instar Japanese beetle larva does notcontaina significant amountof glucose but does contain a relatively large amount of trehalose (Shotwell, personal communication actively growing culture only for about a 4-hr period. Rapid initiation of growth requires the use of actively metabolizing cells from the late log phase of growth. As illustrated by the data in Fig. 6 (compare with Fig. 5 and 8 (8) . Loss of viability of vegetative cultures is accompanied by the development of granulation and apparent loss of internal structural material from the cells. Future work will involve studies of the compositional and morphological changes of vegetative cells to elucidate the nature of cell lability.
